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Abstract
The highly polyphagous Old World cotton bollworm Helicoverpa armigera is a quarantine agricultural pest for the American
continents. Historically H. armigera is thought to have colonised the American continents around 1.5 to 2 million years ago,
leading to the current H. zea populations on the American continents. The relatively recent species divergence history is
evident in mating compatibility between H. zea and H. armigera under laboratory conditions. Despite periodic interceptions
of H. armigera into North America, this pest species is not believed to have successfully established significant populations
on either continent. In this study, we provide molecular evidence via mitochondrial DNA (mtDNA) cytochrome oxidase I
(COI) and cytochrome b (Cyt b) partial gene sequences for the successful recent incursion of H. armigera into the New World,
with individuals being detected at two sites (Primavera do Leste, Pedra Preta) within the State of Mato Grosso in Brazil. The
mtDNA COI and Cyt b haplotypes detected in the Brazilian H. armigera individuals are common throughout the Old World,
thus precluding identification of the founder populations. Combining the two partial mtDNA gene sequences showed that
at least two matrilines are present in Brazil, while the inclusion of three nuclear DNA Exon-Primed Intron-Crossing (EPIC)
markers identified a further two possible matrilines in our samples. The economic, biosecurity, resistance management,
ecological and evolutionary implications of this incursion are discussed in relation to the current agricultural practices in the
Americas.
Citation: Tay WT, Soria MF, Walsh T, Thomazoni D, Silvie P, et al. (2013) A Brave New World for an Old World Pest: Helicoverpa armigera (Lepidoptera: Noctuidae)
in Brazil. PLoS ONE 8(11): e80134. doi:10.1371/journal.pone.0080134
Editor: Michael Knapp, Bangor University, United Kingdom
Received June 5, 2013; Accepted September 30, 2013; Published November 18, 2013
Copyright:  2013 Tay et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits unrestricted
use, distribution, and reproduction in any medium, provided the original author and source are credited.
Funding: To conduct this research the authors received financial support from the Commonwealth Scientific and Industrial Research Organisation – Australia and
Mato Grosso Cotton Growers Association (Associac¸a˜o Mato-Grossense dos Produtores de Algoda˜o/AMPA) – Brazil. The funders had no role in study design, data
collection and analysis, decision to publish, or preparation of the manuscript.
Competing Interests: The authors have declared that no competing interests exist.
* E-mail: weetek.tay@csiro.au
. These authors contributed equally to this work.
Introduction
Biological incursions can be natural (e.g., wind-borne fungal
spores [1]), intentional (e.g., cane toads (Bufo marinus) in Australia
[2]; Africanized honeybees in South America [3]) or accidental
(e.g., global invasion of the red imported fire ant (Solenopsis invicta)
[4]; brown marmorated stink bug (Halyomorpha halys) and kudzu
bug (Megacopta cribraria) in the US [5–10]; boll weevil (Anthonomus
grandis) in Brazil [11–13]), with accidental introductions usually
associated with human activities (e.g., global trade [14]). Invasive
species are not necessarily readily recognised especially when
introduced into an environment where closely related species exist,
and may displace other congeners [15,16]. Rapid confirmation of
such incursions is imperative and can be greatly assisted by
characterisation of known genomic regions.
Global trade is rapidly diminishing the effective distance
between countries and border biosecurity via quarantine inspec-
tions represents the last line of defence. Once breached, the
establishment of invasive species can lead to rapid and significant
negative economic and environmental impacts. The Old World
cotton bollworm Helicoverpa armigera (Lepidoptera: Noctuidae) is the
most significant and impactful pest of agriculture in Asia, Europe,
Africa and Australasia, causing damage to crops estimated at
greater than US$2 billion annually, excluding socio-economic and
environmental costs associated with its control. Although restricted
to the old world, H. armigera has long been recognised as a serious
biosecurity threat to the Americas, where it has the potential to
establish across up to 49% of the North American continent with
far greater anticipated potential economic loss to corn and cotton
than that of H. zea, [17,18]. H. armigera is regularly intercepted at
U.S. ports-of-entry (e.g., 20 times in 2003) on a variety of cut
flowers and herbs originating from countries in the Old World
(e.g., Bosnia, Israel, Japan, The Netherlands, New Zealand,
Zimbabwe) [18], and with 4,431 interceptions (annual rate of ca.
280612 standard error) since 1985 for H. armigera or ‘‘Helicoverpa
sp.’’ at the US ‘‘first points of entry’’ [17]. Given the global nature
of many prime host crops, the establishment of H. armigera in the
Americas would pose a severe and continuing threat to many
crops in the New World. In Brazil H. armigera has been recognized
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as a quarantine pest since 1999, and received the A1 quarantine
pest status in 2008 [19–21].
In addition to feeding on an extensive range of hosts (.180
plant hosts from .45 families), including essential global food and
fibre crops, H. armigera has repeatedly developed rapid resistance to
insecticides (e.g., [22–24]). H. zea is similarly polyphagous but
demonstrates lesser propensity than H. armigera for damage and
resistance development. H. zea is thought to be derived from H.
armigera founders approximately 1.5 – 2 million years ago and the
difference in economic damage and resistance development may
be the consequences of a genetic bottleneck [25].
In Australia there is considerable experience in managing the
threat to agriculture posed by H. armigera but despite a pre-emptive
Insecticide Resistance Management (IRM) strategy, field popula-
tions of H. armigera developed levels of resistance that reduced the
effectiveness of products from all of the commonly used groups of
chemistries deployed for their management [22]. H. armigera is the
primary target of genetically modified cotton, containing insecti-
cidal proteins from Bacillus thuringiensis (Bt) cotton which was
introduced to Australia in the mid-1990’s largely to overcome
insecticide resistance issues. However, from the outset high
baseline levels of resistance were detected in this pest to one of
the Bt toxins in current varieties and resistance risk remains a
critical concern [26]. Early detection of field-evolved resistance to
Bt cotton was recently reported for H. armigera in China [27].
Since the expansion of agriculture in the late 1970’s in Brazil, a
complex of insects and mites have established as pests that can
contribute to significant yield losses. Noctuids (Lepidoptera:
Noctuidae) are amongst the most destructive pest family.
Specifically, intensive cultivation of soybeans, corn and cotton,
which for the past 20 years has characterized the Cerrado region
(Brazilian Savannah), is affected by an inter-crop pest complex
composed of Chrysodeixis includens, Spodoptera frugiperda, S. cosmioides,
S. eridania, Heliothis virescens and Helicoverpa spp. [28]. Control of this
pest complex is difficult due the broad range of hosts in the
landscape including vast areas of non-monitored uncultivated
plants which serve as refuges from chemical control, and sources
for recolonisation.
In the 2011/2012 and 2012/2013 growing seasons, high
infestations of Helicoverpa species larvae were detected in different
regions of Brazil attacking row and cover crops, resulting in
significant economic losses. Initially the species was presumed to
be H. zea, which is often found in maize and tomato crops in Brazil
[29]. However, large numbers of row crops were attacked
consecutively in the same agricultural landscape at unusually high
infestations, and growers reported a reduced efficacy of different
methods of control for the pest. Consequently, investigations took
place to determine if the species was indeed H. zea as presumed or
perhaps another species such as H. armigera.
Recent reports suggest that H. armigera has been identified in
Brazil with notifications about its incidence based on morpholog-
ical assessments of Helicoverpa spp. specimens [30,31]. Species
identification based on morphological characters between H.
armigera and H. zea is difficult. Identification via male genitalia
morphology has been used extensively however Pogue [18]
reported overlapping ranges in male vesica between H. armigera
and H. zea. Well-characterised molecular markers [32,33] can be
used to confirm if this Old World pest has successfully established
in the New World. This study reports for the first time at a
molecular level that H. armigera is in Brazil and that there are at
least four maternal lineages present. We discuss the potential
implications of incursions of H. armigera in Brazil and throughout
the New World.
Results
We analysed 14 lepidopteran samples collected in 2013 from
Mato Grosso in Brazil using two standard mtDNA markers that
have been shown to effectively differentiate the four major
Helicoverpa pest species including H. armigera and H. zea [32]. We
successfully obtained PCR amplicons for partial mtDNA COI and
Cyt b regions for 11 of the 14 specimens. Of the 11 COI amplicons
sequenced, six samples (four adult moths from Southern Mato
Grosso, and two larvae from Central-Eastern Mato Grosso) were
identified as H. armigera with mtDNA COI sequences (KF150288
to KF150293) that matched the COI-Harm01 haplotype
(EF116226.1, e-value: 0.0, Identity: 510/510, 100%) of Behere
et al. [25], thereby confirming the presence of this species in
Brazil. The COI-Harm01 haplotype is the most common global
H. armigera COI haplotype, present in all sampled regions in India
(10 sites), Africa (2 sites), Australia (3 sites), China (1 site), and
Pakistan (1 site) [25]. Two specimens were identified as Spodoptera
frugiperda (KF150294, KF150295) matching HQ177352.1 for this
species (e-value: 0.0; 99% identity (463/467)), and two were
identified as S. eridania (KF150296, KF150297) that matched three
existing GenBank entries for this species (HQ177329.1,
HQ177322.1, and HQ177321.1; e-value: 0.0, 99% identity
(465/467)); both species are established pests in the Americas.
One sample was an unknown lepidopteran species with COI
partial sequence (432bp, KF150298) that best matched two
GenBank entries (AJ420367.1 and AJ420368.1) for Diachrysia tutti
(Noctuidae: Plusiinae) (e-value: 3e-176, Identities: 398/432, 92%).
The remaining three of the 14 lepidopteran samples failed to
generate PCR products for both COI and Cyt b, possibly due to
poor DNA quality or due to these samples being too divergent
from the mtDNA COI and Cyt b markers used in this study.
The partial Cyt b region of the six H. armigera individuals
indicated the presence of two mtDNA Cyt b haplotypes. Five
individuals were Cytb-Harm01 (KF150299 to KF150303) and 1
adult individual from the southern region was Cytb-Harm08
(KF150304), providing evidence that the H. armigera populations in
Brazil consisted of multiple maternal lineages. The Brazilian H.
armigera Cytb-Harm01 haplotype matched the reported sequence
EF410020.1 of Behere et al. [33], which was the most prevalent
haplotype across the 17 global sites ([25]; Table S1), while the
Brazilian H. armigera Cytb-Harm08 matched the Behere et al. [33]
global Cytb-Harm08 haplotype (EF410027.1) (e-value: 0.0; Iden-
tity: 388/388, 100%) that was only detected in Bhatinda and
Warangal (India), Kenedougou (Burkina Faso), Kampala
(Uganda), Orbost (Australia), and Shandong (China) (Table S1).
A map of countries and locations of samples reported in this study
is presented in Fig. 1. A Cyt b haplotype network linking H. zea
populations from the US (North Carolina and New York) and
Brazil (Mato Grosso, Primavera do Leste) with H. armigera global
populations is also presented (Figure 2). The Cyt b haplotype
network showed two nucleotide substitutions separating the Cytb-
Harm01 and Cytb-Harm08 haplotypes where the current
Brazilian H. armigera Cyt b haplotypes were detected. A total of
18 nucleotide substitutions separated the H. armigera Cytb-Harm09
haplotype and the H. zea Cytb-Hzea01 haplotype. The Cyt b
haplotype network agreed with the mtDNA COI haplotype
network of Behere et al. (Figure 1 in [25]) which suggested an
African origin of present day H. zea, but lacked concordance at a
finer spatial scale (i.e., Burkina Faso based on mtDNA COI [25],
Uganda based on mtDNA Cyt b (Table S1)), although the Cytb-
Harm09 haplotype was also detected in Pakistan, India and China
(Table S1).
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Genotyping using exon-primed intron-crossing (EPIC) PCR
markers RpL11, RpS6 and DDC [32,34] across 18–20 H. zea
individuals collected in 2006 from Central-Eastern region of Mato
Grosso, Brazil [25] indicated homozygous alleles for RpL11
(207 bp/207 bp; n = 20) and RpS6 (270 bp/270 bp; n = 18), while
4 alleles were detected using DDC (206–209 bp; n = 19) [32].
Genotyping of the six Brazilian H. armigera individuals indicated
that in addition to the individual matching the Cytb-Harm08
which confirmed a second matriline, genotypes of the remaining
five individuals that shared the mtDNA COI-Harm01 haplotype
could be further explained by there being three different
matrilines, assuming single mating in both male and female H.
armigera (Table S2).
Discussion
This study confirms via molecular characterisation of mtDNA
COI and Cyt b genes, that H. armigera has successfully established
at least two populations in the New World. Previously, thirty
Helicoverpa larvae collected from maize in 2006 from the Centre-
East region of Mato Grosso (Primavera do Leste) were identified as
H. zea [25], while six of the 11 lepidopteran individuals from the
Centre-East and Southern regions of the same State analysed
herein were H. armigera. Both H. zea and H. armigera are highly
polyphagous and readily attack both maize and cotton [35,36].
Shifts in patterns of host use, levels of infestation, and efficacy of
control methods against Helicoverpa spp., suggest that H. armigera
proliferated sometime in the last two years. In particular, in 2012/
13 farmers and consultants reported greater than normal injury
and damage on cotton and soybeans in the extreme Western
region of Bahia state (BA) and other regions of Northern states. In
Mato Grosso, the occurrence of Helicoverpa spp. is relatively low
compared with BA and it occurs simultaneously with Heliothis
virescens on soybeans and/or cotton. Approximately 30% of H.
virescens and Helicoverpa spp. moths captured in the field during an
Figure 1. A map of sampling sites and countries from which Helicoverpa armigera and H. zea were obtained for this study. Three
populations of H. zea (blue filled circles) were from the Mato Gosso (MT) state of Brazil at Primavera do Leste (PL), and from New York State and North
Carolina (United States). Sites where H. armigera were sampled are represented by red filled circles, and included the African continent (Burkina Faso
and Uganda), India, China (Shandong Province) and Australia. Detailed sites within India were Abohar (A), Mansa (M), Bhatinda (B), Nagpur (N), Hingoli
(H), Yavatmal (Y), Karimnagar (K), Warangal (W), Prakasam (P), and Coimbatore (C). Within Australia the Warribee (W), Dalmore (D) and Orbost (O)
populations were from the state of Victoria. Individuals of H. armigera detected from Brazil in this study were from the MT state at Primavera do Leste
(PL) and at Pedra Preta (PP).
doi:10.1371/journal.pone.0080134.g001
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8-week period early in the growing season of 2012/2013 were
Helicoverpa in the Centre, Centre-East and South of MT, while
prevalence and continuous trapping of Helicoverpa species moths at
the end of the growing season indicated moth populations would
likely increase in the next cropping season (M. F. Soria
unpublished data).
The detection of H. armigera in South America represents the
second occasion that this species has occupied the New World.
The first entrance was presumably the result of natural spread
possibly of African origins [25]. While the most recent invasion
confirmed here is likely the result of human activity, there is
nevertheless insufficient data to rule out chance natural spread
events, since under favourable weather patterns H. armigera have
been known to migrate up to 2,000 km [37,38]. Understanding
the pathways to incursion by the Old World cotton bollworm is
important and may assist in preventing potential incursions by
other species such as the Solanaceae specialist Helicoverpa assulta
from the Old World.
Our molecular analyses based on mtDNA markers suggest that
the H. armigera populations from Mato Grasso, Brazil, arose from
at least two maternal lineages, representing either multiple recent
incursions, or a single incursion from mixed populations of the Old
World bollworm. EPIC marker analyses of these six individuals
confirmed that in addition to a separate maternal lineage as
indicated by the mtDNA Cytb-Harm08 haplotype, the remaining
five individuals with the most prevalent mtDNA COI-Harm01
haplotype could be further explained by three separate maternal
lineages (Table S2). This enables a conservative estimate of at least
4 separate matrilines in our six Brazilian H. armigera samples. Our
estimates of matrilines in the limited Brazilian H. armigera samples
assumed single mating and no hybridisation and/or introgression.
The availability of a global mtDNA COI and Cyt b haplotype
database ([25,33]; Table S1) and extensive sampling and EPIC
population genetic study of H. armigera from the Old World [34]
enable us to explore the possible origins from which the founding
individuals originated from. However, we have been unable to
define the precise origins of the Brazilian H. armigera because they
Figure 2. Mitochondrial DNA Cyt b haplotype network of Helicoverpa armigera (white circles) and H. zea (blue circles) based on 434bp
of partial Cyt b gene. A total of 26 H. armigera haplotypes were identified from 255 individuals sampled from India (n = 90), Pakistan (n = 10), China
(n = 34), Burkina Faso (35), Uganda (24), Australia (56), and Brazil (6), and a total of 20 H. zea Cyt b haplotypes from 64 individuals were sampled from
Brazil (30), and the US (North Carolina (14), New York (20). H. armigera and H. zea cyt b haplotypes are as provided in Table S1. Numbers of H. armigera
individuals within each cytb-Harm haplotype are: 1 (n = 156), 2 (n = 10), 3(n = 1), 4 (n = 2), 5 (n = 1), 6 (n = 3), 7 (n = 1), 8 (n = 23), 9 (n = 17), 10 (n = 1), 11
(n = 20), 12 (n = 2), 13–16 (n = 1 each), 17 (n = 4), 18 (n = 1), 19 (n = 2), 20–26 (n = 1 each). Numbers of nucleotide substitutions differentiating between
haplotypes are indicated by black circles (e.g., total of 18 nucleotide substitutions separate the H. armigera Cytb-Harm09 haplotype from the H. zea
Cytb-Hzea01 haplotype). The Brazilian H. armigera possessed the Cytb-Harm01 (n = 2, from Primavera do Leste; n = 3 from Pedra Preta) and Cytb-
Harm08 (n = 1, from Pedra Preta).
doi:10.1371/journal.pone.0080134.g002
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possessed mtDNA COI and Cyt b haplotypes that were prevalent
in all regions of the Old World.
The implications of a recent invasion of H. armigera for Brazilian
agriculture are potentially serious, mainly due to its history of
rapidly evolving resistance to insecticides [22–24], and the year
round presence of potential cultivated hosts. Monitoring for pest
resistance to insecticides and Bt varieties by researchers indepen-
dent of technology providers has only recently begun in Brazil.
There is no formal co-ordinated strategy for managing resistance
to insecticide sprays. Since many populations of H. armigera around
the world developed resistance to conventional pesticides (see
above), it is possible that the founders of the invasive populations
include individuals with genetic make-up that predisposes them to
insecticide adaptation. There would be strong selection on these
individuals to enable them to rapidly exploit agricultural systems
where the endemic pests remain susceptible to conventional
pesticides.
In addition, the arrival of H. armigera in Brazil poses a risk to the
extensive Bt agriculture in South America. In many areas in
Brazil, Bt crops expressing events from the same toxin class (Cry1)
are grown in succession and/or at the same time in various
proportions across as much as 30, 15 and 1 million hectares for
soybeans, maize, cotton respectively [39,40], resulting in enor-
mous selection pressure. Currently these crops are grown without
the mandated resistance management practices that are adopted
elsewhere, including for example, the use of non-Bt refuge crops,
and a mechanism to prevent carryover of potentially selected
individuals from one crop to the next (e.g., via pupae destruction
or use of trap crops; see for example [41]).
A further complication is that, despite the duration of speciation
between H. armigera and H. zea, mating between these two species
under laboratory conditions is possible and can generate fertile
offspring [42–44]. The close evolutionary relationship between
these two species is further supported by H. armigera males being
attracted to the sex pheromones used in traps for field capturing of
male H. zea [45], and that the same pheromone compounds have
been found in the two species [18]. However, hybridisation in the
laboratory does not automatically mean that even if given the
opportunity to co-exist in the field that hybrid offspring will result.
It is also possible that re-introduction of the original progenitor
species, H. armigera, into the New World will create an event that is
equivalent to ‘isolate breaking’, whereby the resultant zea-armigera
hybridisation may lead to heterosis. Genetic fitness in these hybrid
offspring may present new challenges for IRM strategies.
Venette et al. [17] assessed movements of commodities and
passengers into the US through international airports in various
States as likely incursion routes of H. armigera. Given detection in
South America and an essentially continuous landscape of suitable
host crops and climatic condition through Central America into
the US, natural dispersion of this serious agricultural pest should
be considered, with likely entry being via Mexico and/or through
the Caribbean Islands into South-Eastern US. Failure to develop
effective control measures for potential arrival of H. armigera into
the US may have serious economic consequences, adding to
existing prohibitively high costs in mitigating introduced pests such
as the Africanized honeybee and S. invicta that similarly entered the
US from South America [46,47]. An invasion of H. armigera would
be especially serious if it entered the US from South America with
high levels of resistance to insecticides and/or Bt toxins.
The incursion of H. armigera into Brazil is unique in that it could
have profound biological consequences to the species status and
population genetics of H. zea and related New World Helicoverpa
species, the plant-insect interactions and ecology, evolution of
insecticide resistance, hybridisation, introgression and heterosis, as
well as significant social-economic impact on developing effective
integrated pest management (IPM) and IRM strategies in the New
World. Addressing these issues will be greatly benefited by
knowledge of the H. armigera and H. zea genomes, which are
currently being prepared by the Helicoverpa armigera genome
consortium led by the CSIRO [48]. Knowing how H. armigera
re-entered the Americas would assist with global biosecurity
preparedness that may minimise opportunities for other pest
species to attain global significance.
Materials and Methods
Lepidopteran sample collection
Permit access to collect material used in our research at various
crop sites was granted by respective growers. Suspect lepidopteran
samples were collected from Centre-East region – Primavera do
Leste (15u279570S 54u179060W and 15u329020S 54u119470W) (1
live adult and 2 live (3rd and 5th instar) caterpillars, collected on
27th March, 2013) and South region – Pedra Preta (16u509350S
54u009230W) (20th March, 2013: 3 dead adults; 27th March, 2013:
1 dead and 7 live adults) of Mato Grosso (MT) State, Brazil. Live/
dead adult moths were collected via light traps set in cotton fields
with maize as an adjacent neighbouring crop where soybeans were
grown before maize and cotton. The samples were placed in
.95% ethanol in individual 1.5mL Eppendorf tubes. Larvae first
identified as cotton budworms/bollworms were collected from a Bt
cotton variety cultivated inside the experimental station of
Instituto Mato-Grossense do Algoda˜o (Mato Grosso Cotton
Institute) - IMAmt - and placed in Eppendorf tubes as for the
moths. All suspect samples were analysed with no exclusion of any
specimen even if believed to be H. zea.
Molecular characterisation of partial mitochondrial DNA
genes
Molecular characterisation took place at the CSIRO Ecosystem
Sciences Black Mountain Laboratories in Australia. Total genomic
DNA (gDNA) was extracted for all adult moths and larvae using a
Qiagen Blood and Tissue DNA extraction kit. A tissue fragment of
each ethanol preserved specimen was cut off with sterilised
scissors. An extraction blank was simultaneously processed to
ensure that there was no external source of H. armigera DNA. To
confirm species status, partial mitochondrial DNA (mtDNA)
cytochrome oxidase I (COI) and cytochrome b (Cyt b) gene
fragments were amplified from every individual using primers
COI-F02/R02 and Cytb-F02/R02 prior to sequencing and
assembled as previously described [33]. Sequenced PCR frag-
ments were identified by Blastn and aligned to known mitochon-
drial DNA sequences. The global H. armigera Cyt b haplotypes and
three populations of H. zea Cyt b haplotypes were previously
reported [33] and their distribution patterns are here presented
(Table S1, Fig. 2). A haplotype network for the global mtDNA
COI haplotypes has also been reported [25]. The mtDNA Cyt b
haplotype network was constructed manually and verified using
TCS version 1.21 [49].
Exon-Primed Intron-Crossing (EPIC) PCR marker analyses
We applied the EPIC markers RpL11, RpS6 and DDC as
reported in Tay et al. [32] and Behere et al. [34] following
protocols described therein. We also included positive controls
(one Mato Grasso H. zea (individual 13) and one H. armigera
(CSIRO Ecosystem Sciences general laboratory (GR) rearing
strain) in all amplifications as well as negative controls to detect
potential cross-contamination. PCR amplicons were first observed
under UV-illuminator followed by dilution (1:100) in sterile water
Old World Cotton Bollworm in Brazil
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prior to being genotyped by a commercial company (1st Base;
,www.base-asia.com.). The fragment patterns were interpreted
using Geneious Pro 5.6.5 ,www.geneious.com.).
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Harm01 and Cytb-Harm08 haplotypes, and relevant GenBank
Accession numbers.
(DOCX)
Table S2 Genotypes of six Helicoverpa armigera from Brazil using
RpL11, DDC and RpS6 exon-primed intron-crossing (EPIC)
PCR markers of Tay et al. [32], with possible numbers of
matrilines contributing to the Brazilian H. armigera being indicated.
(DOCX)
Acknowledgments
The authors greatly appreciate the support of growers who permit access to
crops to collect material used in our research. Expert technical assistance
was provided by Bruno B. Batista and Danielle Souza. Owain Edwards,
Karl Gordon and John Oakeshott (CSIRO), and Derek Russell (University
of Melbourne) provided comments on an earlier draft of this manuscript
that improved its clarity, and Paulo E. Degrande (Federal University of
Grande Dourados, Brazil) helped improve clarity of a final version of this
manuscript.
Author Contributions
Conceived and designed the experiments: MFS SD TW WTT DT.
Performed the experiments: WTT TW CA GTB. Analyzed the data: WTT
TW CA GTB. Contributed reagents/materials/analysis tools: MFS DT PS
WTT TW CA GTB. Wrote the paper: WTT MFS TW DT CA GTB SD.
References
1. Grgurinovic CA, Walsh D, Macbeth F (2006) Eucalyptus rust caused by Puccinia
psidii and the threat it poses to Australia. EPPO Bull 36: 486–489.
2. Easteal S (1981) The history of introductions of Bufo marinus (Amphibia: Anura);
a natural experiment in evolution. Biol J Linn Soc 16: 93–113.
3. Rinderer TE, Oldroyd BP, Sheppard WS (1993) Africanized bees in the U.S. Sci
Am 269: 52–58.
4. Ascunce MS, Yang C-C, Oakey J, Calcaterra L, Wu W-J, et al (2011) Global
invasion history of the fire ant Solenopsis invicta. Science 331: 1066–1068.
5. Eger JE Jr, Ames LM, Suiter DR, Jenkins TM, Rider DA, et al. (2010)
Occurrence of the Old World bug Megacopta cribraria (Fabricius) (Heteroptera:
Plataspidae) in Georgia: a serious home invader and potential legume pest.
Insecta Mundi 0121: 1–11.
6. Suiter DR, Eger JE Jr, Gardner WA, Kemerait RC, All JN, et al. (2010)
Discovery and distribution of Megacopta cribraria (Hemiptera: Heteroptera:
Plataspidae) in northeast Georgia. J Integrat Pest Manag 1: 1–4.
7. Ruberson JR, Takasu K, Buntin GD, Eger JE, Gardner WA, et al. (2013) From
Asian curiosity to eruptive American pest: Megacopta cribraria (Hemiptera:
Plataspidae) and prospects for its biological control. Appl Entomol Zool 48: 3–
13.
8. Hoebeke ER, Carter ME (2003) Halyomorpha halys (Sta˚l) (Heteroptera:
Pentatomidae): a polyphagous plant pest from Asia newly detected in North
America. Proc Entomol Soc Wash 105: 225–237.
9. Nielsen AL, Hamilton GC (2009) Life history of the invasive species Halyomorpha
halys(Hemiptera: Pentatomidae) in northeastern United States. Ann Entomol Soc
Am 102: 608–616.
10. Leskey TC, Hamilton GC, Nielsen AL, Polk DF, Rodriguez-Saona C, et al.
(2012) Pest Status of the Brown Marmorated Stink Bug, Halyomorpha halys (Sta˚l),
in the USA. Outlooks Pest Manag 23: 218–226.
11. Nakano O (1983) Bicudo: a praga mais importante do algoda˜o. Agroquı´mica.
21, 10–14.
12. Degrande P (1991) Bicudo-do-algodoeiro: manejo integrado. Dourados: UFMS,
EMBRAPA-UEPAE. 142 p.
13. Ramalho FS, Medeiros WPL (2001) Bicudo-do-algodoeiro, Anthonomus grandis
(Coleoptera: Curculionidae). In: Vilela RA, Zucchi C, Cantor F, editors.
Histo´rico e impacto das pragas introduzidas no Brasil. Ribeira˜o Preto: Holos.
pp. 113–119.
14. Fisher MC, Henk DA, Briggs CJ, Brownstein JS, Madoff LC, et al. (2012)
Emerging fungal threats to animal, plant and ecosystem health. Nature 484,
186–194.
15. Perring TM, Cooper AD, Rodriguez RJ, Farrar CA, et al. (1993) Identification
of a whitefly species by genomic and behavioral studies. Science 259: 74–77.
16. Liu SS, De Barro PJ, Xu J, Luan JB, Zang LS, et al. (2007) Asymmetric mating
interaction drive widespread invasion and displacement in a whitefly. Science
318: 1769–1772.
17. Venette RC, Davis EE, Zaspel Z, Heisler H, Larson M (2003) Mini risk
assessment, Old World bollworm, Helicoverpa armigera (Hu¨bner) (Lepidoptera:
Noctuidae). US Department of Agriculture, Animal and Plant Health Inspection
Service. ,http://www.aphis.usda.gov/plant_health/plant_pest_info/pest_
detection/do wnloads/pra/harmigerapra.pdf., accessed 8th April 2013.
18. Pogue M (2004) A new synonym of Helicoverpa zea (Boddie) and differentiation of
adult males of H. zea and H. armigera (Hu¨bner) (Lepidoptera: Noctuidae:
Heliothinae) Ann Entomol Soc Am 97:1222–1226.
19. Oliveira MRV de, Martins OM, Marinho VLA, Mendes MAS, Fonseca JNL, et
al. (2003) O mandato da quarentena vegetal da Embrapa Recursos
Gene´ticos e Biotecnologia – Documentos 110. Brası´lia: EMBRAPA CENAR-
GEN. 61 p.
20. Lima LHC, Queiroz PR, Oliveira MRV de (2006) Caracterizac¸a˜o por meio de
RAPD de Helicoverpa armigera (HUBNER) (Lepidoptera, Noctuidae), proveniente
de Burkina Faso – Comunicado Te´cnico 143. Brası´lia: EMBRAPA CENAR-
GEN. 37 p.
21. Agropec Consultoria (2013) Pragas quarentena´rias: consulta a dados sobre
pragas quarentena´rias presentes e ausentes para o Brasil. Available: http://spp.
defesaagropecuaria.com/. Accessed 01 June 2013.
22. Fitt GP, Wilson LJ (2000) Genetic engineering in IPM: Bt cotton, in: Kennedy
GG, Sutton TB (Eds.) Emerging Technologies in Integrated Pest Management:
Concepts, Research and Implementation, APS Press, St Paul, MN, USA, pp.
108–125.
23. Yang Y, Li Y, Wu Y (2013) Current Status of Insecticide Resistance in Helicoverpa
armigera After 15 Years of Bt Cotton Planting in China. J Econ Entomol 106:
375–381.
24. Martin T, Ochou OG, Djihinto A, Traore D, Togola M, et al. (2005)
Controlling an insecticide-resistant bollworm in West Africa Agric. Ecosyst Env,
107, pp. 409–411.
25. Behere GT, Tay WT, Russell DA, Heckel DG, Appleton BR, et al. (2007)
Mitochondrial DNA analysis of field populations of Helicoverpa armigera
(Lepidoptera: Noctuidae) and of its relationship to H. zea. BMC Evol Biol 7, 117.
26. Downes SJ, Mahon R, Rossiter L, Kauter G, Leven T, et al. (2010) Adaptive
management of pest resistance by Helicoverpa species (Noctuidae) in Australia to
the Cry2Ab Bt toxin in Bollgard IIH cotton. Evol Applic doi:10.1111/j.1752-
4571.2010.00146.x
27. Tabashnik BE, Wu K, Wu Y (2012) Early detection of field-evolved resistance to
Bt cotton in China: Cotton bollworm and pink bollworm. J Invert Pathol 110:
301–306.
28. Silvie PJ, Thomazoni D, Soria MF, Saran PE, Be´lot J-L (2013) Manual de
Identificac¸a˜o de Pragas e Seus Danos em Algodoeiro – Boletim Te´cnico IMAmt
No. 1. Cascavel: IGOL. 175 p.
29. Degrande E, Omoto C (2013) Estancar prejuı´zos. Cultivar Grandes Culturas
Abril, 32–35.
30. Czepak C, Albernaz KC, Vivan LM, Guimaraes HO, Carvalhais T. (2013)
Primeiro registro de ocorreˆncia de Helicoverpa armigera (Hu¨bner) Lepidoptera:
Noctuidae) no Brasil. Pesquisa Agropecuaˆria Tropical 43, 110–113.
31. EMBRAPA (2013) Nota te´cnica sobre resultado do trabalho inicial de
levantamento da lagarta do geˆnero Helicoverpa – detecc¸a˜o da espe´cie Helicoverpa
armigera no Brasil. Nota te´cnica de 22 de marc¸o de 2013. Planaltina: EMBRAPA
CERRADOS. 2 p.
32. Tay WT, Behere GT, Heckel DG, Lee SF, Batterham P (2008) Exon-primed
intron- crossing (EPIC) PCR markers of Helicoverpa armigera (Lepidoptera:
Noctuidae). Bull Entomol Res 98: 509–518.
33. Behere GT, Tay WT, Russell DA, Batterham P (2008) Molecular markers to
discriminate among four pest species of Helicoverpa (Lepidoptera: Noctuidae). Bull
Entomol Res 98: 599–603.
34. Behere GT, Tay WT, Russell DA, Kranthi KR, Batterham P (2013) Population
genetic structure of the cotton bollworm Helicoverpa armigera (Hu¨bner)
(Lepidoptera: Noctuidae) in India as inferred from EPCI-PCR DNA markers.
PLoS One 8(1), e53448.
35. Matthews M (1999) Heliothis Moths of Australia: A Guide to Pest Bollworms
and Related Noctuid Groups, Monographson Australian Lepidoptera, vol. 7. pp.
105–119. Melbourne, Australia, CSIRO Publishing.
36. Head G, Jackson RE, Adamczyk J, Bradley JR, Van Duyn J, et al. (2010) Spatial
and temporal variability in host use by Helicoverpa zea as measured by analyses of
stable carbon isotope ratios and gossypol residues. J Appl Ecol 47: 583–592.
37. Nibouche S, Bues R, Toubon JF, Poitout S (1998) Allozyme polymorphisms in
the cotton bollworm Helicoverpa armigera (Lepidoptera: Noctuidae): comparison of
African and European populations. Heredity 80: 438–445.
38. Widmer MW, Schofield P (1983) Heliothis Dispersal and Migration. Tropical
Development and Research Institute, London.
Old World Cotton Bollworm in Brazil
PLOS ONE | www.plosone.org 6 November 2013 | Volume 8 | Issue 11 | e80134
39. CONAB – Companhia Nacional de Abastecimento (2013) Acompanhamento de
safra brasileira: gra˜os, oitavo levantamento, maio 2013. Brası´lia: CONAB. 30 p.
40. James C (2012) Global Status of Commercialized Biotech/GM Crops: 2012 –
ISAAA Brief No. 44. ISAAA: Ithaca. 12 p.
41. Gould F (1998) Sustainability of transgenic insecticidal cultivars: integrating pest
genetics and ecology. Annu Rev Entomol 43: 701–726.
42. Hardwick DF (1965) The corn earworm complex. Mem Entomol Soc Can 40:
1–248.
43. Laster ML, Hardee DD (1995) Intermating compatibility between North-
American Helicoverpa zea and Heliothis armigera (Lepidoptera: Noctuidae) from
Russia. J Econ Entomol 88:77–80.
44. Laster ML, Sheng CF (1995) Search for hybrid sterility for Helicoverpa zea in
crosses between the North American H. zea and H. armigera (Lepidoptera:
Noctuidae) from China. J Econ Entomol 88: 1288–1291.
45. Kehat M, Gothilf S., Dunkelblum M, Greenberg S (1980) Field evaluation of
female sex pheromone components of the cotton bollworm, Heliothis armigera. Ent
Exp Appl 27, 188–193.
46. Winston ML. (1992) The biology and management of Africanized honey bees.
Annu Rev Entomol 37: 173–193.
47. Pimentel D, Zuniga R, Morrison D (2005) Update on the environmental and
economic costs associated with alien-invasive species in the United States. Ecol
Econ 52: 273–288.
48. Gordon K, Tay WT, Collinge D, Williams A, Batterham P (2009) Genetics and
molecular biology of the major crop pest genus Helicoverpa. In: Goldsmith MR,
Marec F, editors. Molecular Biology and Genetics of the Lepidoptera: CRC
Press. pp. 219–238.
49. Clement M, Posada D, Crandall KA (2000) TCS: a computer program to
estimate gene genealogies. Mol Ecol 9: 1657–1659.
Old World Cotton Bollworm in Brazil
PLOS ONE | www.plosone.org 7 November 2013 | Volume 8 | Issue 11 | e80134
